Restenosis remains a significant problem in coronary intervention. Additionally, concerns have recently been raised that Drug Eluting Stents (DES) are linked to long term thrombosis. For carotid artery stenting, the most serious complication is ipsilateral neurologic events due to an acute embolus from fragmentation of the lesion during stent deployment. While much attention has focused on biocompatibility solutions to these problems, less attention has been given to matching stents to the inflation balloon, atherosclerotic plaque mechanical properties, and lesion shape. Results show that risk of arterial damage or plaque fractures are dependent on plaque morphology and material properties. Computational modeling results also indicate that it may be possible to use numerical simulations to estimate stress distributions in atherosclerotic lesions in vivo during and after stent deployment. This may help provide clinical indicators in stenting to reduce vascular injury and plaque rupture which can cause acute and long term postprocedural lumen loss in coronary artery stenting or stroke in carotid artery stenting. Results also indicate that while a complex model for plaque morphology is necessary to determine the stress distribution within the lesion, a more simple homogeneous plaque model will allow for reasonably accurate predictions of arterial stresses.
Introduction
Coronary artery disease (CAD) is the leading cause of morbidity and mortality in the USA and it is estimated that the absolute mortality due to CAD will increase as the average age of the population rises [1] . Atherosclerotic stenosis and its ischemic complications necessitate arterial reconstruction. Current strategies to restore normal blood flow in stenosed coronary arteries include angioplasty, intracoronary stents, and coronary artery bypass surgery.
For coronary stent implantation, restenosis is the most common complication. The incidence of restenosis is high, with nearly 25% experiencing complications after stenting [2] . The mechanisms of restenosis are complex and not well understood. Most theories suggest that restenosis is a response of the artery to the trauma induced by balloon inflation and stent deployment. This causes thrombosis, inflammation, cellular proliferation, and extracellular matrix production which leads to lumen loss [3] . Therefore, restenosis remains a significant problem in coronary intervention.
More recently, concerns have been raised that drug eluting stents (DES) are linked to long term thrombosis. There is growing evidence that shows in-stent macrophage infiltration and death, leading to formation of a necrotic core and thus a vulnerable lesion. These were most commonly seen when the stented lesion had underlying ruptured plaque, or thin-cap fibroatheroma [4] [5] [6] [7] [8] . Arterial healing at the lesion site in acute myocardial infarction (AMI) patients treated with DES is substantially retarded when compared to patients with stable anginas [9] [10] [11] . This reinforces the need to understand plaque morphology and lesion/arterial response to DES deployment.
Advances in prosthetic science and engineering have spurred the rapid development of many new permanent implants. These devices are typically attached to a delivery catheter and threaded to the site of interest where they are expanded. The very nature of the remote delivery systems make the mechanical details of implantation difficult to ascertain, yet this is important to quantify since there may be a link between how the devices are emplaced and the body's acute and chronic response. For example, carotid artery stenting is now an alternative to treating atherosclerotic stenosis of the internal carotid artery to prevent stroke [12] [13] [14] [15] . As opposed to coronary artery stenting, the most serious complication of stent placement for ICA stenosis is neurologic events due to an embolus from fragmentation of the atherosclerotic lesion during stent deployment. Current stent deployment methods are designed to block or trap larger fragments, but may not completely eliminate microemboli [16, 17] . These studies suggest an upper limit exists to the success of purely biomedical approaches for managing post-device implantation, and a return to examining the mechanical initiators of vascular injury and plaque rupture that occur during implantation. A better understanding of the mechanical properties of plaques and arterial walls, and the manner in which they interact with stents and their delivery systems during deployment may lead to both a new understanding of the processes of vascular adaptation to implants and possibly to the design and development of less-injurious devices.
In order to evaluate the dynamics of stent deployment and the resultant stresses created in the plaque and arterial walls, a model must be constructed which includes both the stent and balloon catheter. The effect of the delivery system can dramatically change the shape of the stent as it expands leading to regions of localized high stresses [18] . Currently, most finite element models only include the plastic deformation of the stent [19] [20] [21] [22] . More recent models have included the plaque/artery system along with the stent, but do not include the balloon catheter [23] or the inhomogeneous structure of the plaque and arterial wall [24] . There have been tremendous advances in the modeling of the mechanical behavior of plaques in coronary arteries [25] [26] [27] [28] [29] . However, these models were not designed to evaluate the interactions of stents with the plaque and arterial wall. This study presents a numerical simulation that includes the stent and balloon catheter system, along with a complex plaque and artery model. The problem is highly non-linear and includes complex contact problems between the stent, balloon, plaque and arterial wall.
Geometry
The finite element stress analysis was performed on three-dimensional stent/balloon/plaque/artery geometry. In addition to the usual difficulties in modeling the mechanical behavior of soft tissue, the overall system response is highly nonlinear due to the large plastic/multilinear-elastic/hyperelastic deformations of the individual components. The component geometries and constitutive material models are described below.
Artery
The coronary artery modeled was 50-mm in length, with an intima inside diameter of about 4.9-mm. The arterial wall was composed of a 0.38-mm thick intimal layer, a 0.77-mm thick media layer, and a 0.935-mm thick adventitia layer. The thicknesses were adapted from the work of Holzapfel et al. [30] for the plaque morphology described below (see Figure 1 ). Average element size was about 0.5-mm long with a thickness of 0.15-mm. This configuration yielded a total of about 170,000 elements. The artery elements were defined by eight nodes capable of large deflections and hyperelasticity
Plaque
The plaque structure was developed from intravascular MRI images [31] . The components of the arterial wall and the atherosclerotic plaque were distinguished by histomorphology and histochemistry. For this study, 5 histological categories were used to describe the atherosclerotic plaque: (1) dense fibrous cap, (2) loose, edematous, fibrous tissue, (3) fibrin thrombus, (4) lipid, and (5) calcification. A cross section of the plaque/artery geometry is shown in Figure 1 . The plaque was 30-mm in length and was assumed not to vary in the axial direction. This configuration corresponds to a maximum percent blockage of about 80%. The plaque histological components can be seen in Figure 1 . Plaque/artery cross-section.
Balloon
The balloon was modeled in its unfolded state, and already assumed to be in contact with the stent. The balloon dimensions are given at 0 Pa, before stent expansion occurs. Depending on the amount of balloon overhang, the overall length of the balloon can range from 22-23-mm. For 2-mm balloon overhang used in this study, the total length of balloon overhang is 2-mm, or 1-mm on each side, yielding a total balloon length of 23-mm (see fig. 2 ). Balloon geometry, shown with mounted slotted tube stent.
The balloon was meshed using triangular shell elements with an average base size of 0.05-mm and an average side length of 0.05-mm. This yielded 54,456 elements. The total balloon overhang was 2-mm (1-mm per side). For finite element analysis, elements capable of modeling shell structures, large deflections and plasticity were used.
Stent
A three dimensional model of the slotted tube geometry intravascular stent was created. The stent is 16-mm in length (L), with an inside diameter (ID) of 1-mm, and a thickness (t) of 0.1-mm. The diamond-shaped stent consists of 5 slots in the longitudinal direction and 12 slots in the circumferential direction with a length of 2.88-mm. The slots were cut such that in a cross-section, the angle describing the slot was approximately 23 degrees, and the angle describing the metal between slots was 6.9 degrees (see figs. 3 and 4) . These dimensions refer to the model in an unexpanded state [20, 22] .
The stent was meshed using hexahedral elements. There are 2 elements through the thickness of the stent yielding a total of 12,036 elements. The stent elements are defined by eight nodes and are capable of large deflections and plasticity. A cross-section of the final model geometry with the stent/balloon/artery and plaque cutaway is shown in figure 5 (see fig. 1 for component colors).
Materials

Artery
The material properties of the artery are based on a previous study by Holzapfel et al. [32] . They developed layer-specific mechanical properties of human coronary arteries with nonatherosclerotic initial thickening. They fitted their data to a constitutive model which exhibits exponential stiffening at higher loads and allows for anisotropic effects. For this study, Holzapfel's data was fit to a standard Mooney-Rivlin hyperelastic constitutive equation.
The Mooney-Rivlin strain density function used is given in eqn. 
W is the strain-energy density function of the hyperelastic material. I 1 , I 2 , and I 3 are the strain invariants. C ij are the hyperelastic constants. This model has been found to be suitable for modeling an incompressible isotropic material [33] . The program Hyperfit was used to generate the Mooney-Rivlin constants for a three parameter strain density function (see Table 1 ).
Plaque
The material properties of the plaque are based on a previous study by Loree et al. [34] . As discussed above, five histological classifications of plaques were [35] was used to determine the circumferential Young's modulus. The loose, edematous, fibrous tissue was modeled as a soft cellular plaque from the data of Loree et al. This model for plaque behavior neglects anisotropy as well as the residual strain and active smooth muscle stresses. The constants were determined by fitting the three or five parameter Mooney-Rivlin expression to human aortic atherosclerotic tissue data. The hyperelastic and elastic constants for the plaque components are given in Table 2 . Table 2 :
Material constants for plaque components.
There is a large degree of uncertainty in the plaque properties due to the inherent variations between patients. However, sensitivity studies have shown that stresses within arterial walls, fibrous plaques, calcified plaques and lipid pools have relatively low sensitivities for variations in elastic modulus (when modeled as elastic and isotropic). Additionally it was found that sensitivity to 
Balloon
To model the mechanical properties of the balloon without evaluating the balloon's behavior during unfolding, empirical data was used. The stress-strain curve for the full expansion of the balloon produced a linear piecewise function. The first segment of the piecewise function is representative of the unfolding balloon, while the second is of the balloon expansion after unfolding.
Stent
The stent was modeled after the slotted tube geometry given by Migliavacca et al. [20] . This model assumes the stent to be made of 316LN stainless steel. The Poisson ratio is 0.3 and the Young Modulus is 200 GPa.
Boundary conditions
The artery, balloon, plaque, and stent were all constrained in the rotational directions allowing no rotation. The artery was constrained axially at the distal ends. The artery was at a minimum, 13.5-mm longer than the stent on each side and 17-mm longer than the end of the balloon on each side. This constraint on the artery did not affect the behavior of the artery at the point of contact with the stent or balloon because of the extra length of the artery on both sides. The same axial constraint was placed on the balloon. To model the expansion of the balloon, the balloon was assigned a ramped internal pressure load.
Results and discussion
In vitro testing has shown that human atherosclerotic materials generally fracture under stresses in excess of 300 kPa [36] . These findings were later confirmed using finite element modeling with histopathological correlations from specimens of ruptured plaque [37] . In this study, this stress level will be used as the indicator of plaque rupture. Figures 6(a) and (b) show the intima stresses at the end of stent expansion for the complex plaque morphology along with a model where the plaque was assumed to be homogeneous with cellular plaque properties beyond the fibrous cap. There are obvious differences in the plaque stresses (especially in the region of the calcification). However, the maximum arterial stresses are not dramatically different. Figure 7 shows the max intima von Mises stress during the expansion compared to the homogenous plaque model. The stresses predicted in the arterial layers are very similar. This confirms the results of previous studies [35] . Therefore, even though the plaque properties may vary significantly, the arterial stresses are not particularly sensitive to these variations. Stresses in the fibrous cap are significantly larger than in the intima layer of the artery. All fibrous cap stresses exceed the fracture limit of 300 kPa at the end of a 12 atm expansion pressure. The stresses in the media and adventitia layers are smaller than what is found since the intima is much more rigid. It should be mentioned that no plaque breakup model was included in the simulations. It may be the case that the fibrous cap would rupture before the higher stresses predicted by the model at the end of expansion. Max intima stresses.
The clinical significance of the various stresses on vascular injury is unclear. Future studies will be aimed at determining the most appropriate stress to analyze when evaluating vascular injury (von Misses, maximum principal, directional, etc.). The current model does not include the anisotropic behavior of the artery and plaque materials. Additionally, no distinction was made between the passive arterial medium and the active fibers, the orentations of which may vary from inner to the outer layers of the arterial wall. This is currently being included in a more sophisticated model which also includes arterial prestresses.
Clinical significance of report
Concerns that DES interfere with reendothelization and may encourage longterm thrombosis especially in the case of AMI have spurred interest in understanding the mechanisms causing acute deendothelization during the stenting procedure. This model aids in predicting regions of potential plaque fracture and vascular injury. This is an important phenomenon since antiproliferative drugs inhibit EC regrowth causing hypersensitivity reactions and increased rates of long-term thrombosis. The capability to predict regions of EC denudation and atherosclerotic plaque rupture during implantation provides a tool to reduce thrombosis rates of DES.
For carotid artery stenting, computational models may provide a platform to evaluate the susceptibility of atherosclerotic plaque to rupture during the carotid angioplasty and stenting procedure. Combined with MRI reconstructions, these models can be used in cases where the choice between carotid endarterectomy and endovascular angioplasty and stenting is not clear.
The model developed also helps in the prediction of regions of high arterial stresses which may cause vascular injury. Acute superficial and deep vascular injury has been found to be a strong predictor of chronic restenosis. This method provides a predictive tool to evaluate the degree of acute vascular injury of new stent geometries prior to in-vivo studies.
